The IEEE 802.11 standard uses Carrier Sense Multiple Access with Collision Avoidance (CSMA-CA) to avoid multiple devices simultaneous transmitting on a shared transmission medium. In this paper, Bianchi's model for IEEE 802.11 is studied and we suggest some important improvements. Firstly, we expand the state space of the Markov chain to model the evolution of a network, instead of a single device. Secondly we relax the assumption that the network must be saturated. Thirdly, we extend the model to allow for heterogeneous 1 devices with different transmission profiles.
Introduction
In communications networks, a Medium Access Control (MAC) policy determines how access to a single transmission medium is shared between devices.
Where there is no central media access controller, and each device determines its own media access, this sharing algorithm is a distributed coordination function (DCF).
Carrier Sense Multiple Access with Collision Detection (CSMA-CD) is a DCF used in Ethernet (IEEE 802.3); if a device transmits a frame of information and detects another device transmitting at the same time, it will transmit a jam signal, and then wait for a random amount of time before sending that frame again. This random time is determined by the truncated binary exponential backoff algorithm. and parameters determining the minimum and maximume contention window times (CW min and CW max ). The device will initially backoff for a period uniformly at random in the discrete Carrier Sense Multiple Access with Collision Avoidance (CSMA-CA) is similar to CSMA-CD, but if a device wishes to transmit it will monitor the channel and, if it finds the channel busy, waits for a random interval before retransmission, again determined by the truncated binary exponential backoff algorithm. This monitoring before transmission seeks to avoid collisions.
The IEEE 802.11 standard [16] specifies parameters CW min and CW max which control time intervals between devices retransmitting in a CSMA-CA DCF. Further parameters, notably T XOP limit , and AIF S, which we do not consider here, are also specified. Recommended values of these are given in the standard, are not mandatory, and differ according to the physical medium (PHY). There are many optional extensions within the 802.11 standard, and for a more full technical description we refer the reader to, for example, Lopez
Toledo et al. [20] . However, extensions to the standard have so far not been widely implemented, and the standard IEEE 802.11 DCF is still relevant.
In this paper we show how sensitive the DCF is to the values of CW min and CW max and how to choose them in order to optimize the throughput possible in the network.
Although we have focused here on the IEEE 802.11 standard, as it is both well used and studied, the CSMA-CA DCF is used in other standards such as IEEE 802.15.4 (Wireless Personal Area Networks). See for example Campbell et al. [7] which explains the use of CSMA-CA in IEEE 802.15.4 and compares these two standards. We seek to demonstrate through reference to IEEE 802.11 the importance of the parameter choice, although the methodology could be adapted to a different standard by changing the network model we discuss below.
The Bianchi model is fundamental to our research. Bianchi ([3] , [4] ) models the transmission state of a device as a Markov chain. He assumes a saturated model, i.e. the device always has untransmitted packets that it will transmit when it has an opportunity. He uses this model in order to find a theoretical throughput for the CSMA/CA DCF under saturation conditions. He assumes each device acts in the same way and looks at the Markov chain from the point of view of one device to determine the behaviour of the rest of the network, a classic decomposition approach. [5] proves this assumption is valid asymptotically for a large number of states.
Ziouva and Antonakopoulos [27] Criticisms of the Bianchi model include the fact that it is idealized, in the sense that packets are not lost, and that real behaviour in wireless networks such as packet retransmissions may change the behaviour and remove the independence assumed. There have been various attempts to adapt the model to make the behaviour more realistic; for example Alshaynour and Agarwal [1] add an extra dimension to the standard Markov chain model. Transmission losses are assumed which give a loss probability that is constant for each packet transmitted. As well as the Bianchi backoff state and backoff counter, a state which tracks the number of data frame retransmission attempts for that device have been added. These are assumed independent between devices, and an analysis is done in a similar way to Bianchi to find throughput, and also the packet loss percentage.
All the papers above assume saturation conditions for the network, and thus also for the Bianchi Markov chain model .
Malone et al. [22] allow non-saturated models by introducing "post-backoff"
states which represent devices which have transmitted a packet, but have none waiting; the time until a packet arrives is determined by a parameter, which can vary between devices. This model goes some of the way to relaxing the saturation assumption, and allowing heterogeneous devices. They show how the value of CW min is crucial to network performance for their model. However, the model is still a per-device model of the network with a Markov chain for each device, and does not account for important interactions between devices.
The hypothesis that the probability of a collision is constant is investigated in [22] . In that article (section 5) it is found that observed collisions of transmissions vary depending on the backoff stage of the device; the authors argue that this is because a packet will be retransmitted only if other devices in the network are transmitting. Thus the experimental data suggests that the probability of successful transmission depends on behaviour of other devices in the network, and interaction between devices may not be ignored in an accurate model. In this same paper, the behaviour of the Bianchi model (in saturation only) is found to significantly under-predict throughput in a model, particularly for a small number of devices, although [10] comes to a different conclusion with the same data. here parameter choice could really cost lives, although again a systematic search is not performed.
The "idle sense" method is proposed in [14] to dynamically change the value of the CW parameters based on network performance (the number of observed consecutive idle slots seen by a device) to ensure fairness and increased throughput; average throughput per host significantly increased using this proposed DCF under simulations.
There have been many proposed algorithms for coordination functions for MAC in wireless networks; Chen et al. [8] take a game theoretic approach to designing medium access methods and present a method that leads to a Nash equilibrium when considering each transmitting node as a player in a game.
They suggest an implementation of a medium access policy which replaces the exponential backoff procedure of CSMA/CA and replaces it with a policy whereby the channel access probability and contention window is chosen by each node in an attempt to maximize some utility function. Recent work for heavy loads includes a game theoretic approach in [12] .
Model
As in most previous research above, we model the evolution of the idle/ transmission and backoff states of a particular device as a Markov chain in slotted time. Most previous research using the Bianchi model assumes that the evolution of the state of a particular device is independent of the evolution of the rest of the network, and moreover implicitly assumes that the behaviour of each device in the network is identical. For example, Bianchi [4] states that "The fundamental independence assumption . . . implies that each transmission 'sees' the system in the same state, i.e. the steady state". We feel that an important feature in the CSMA-CA is the interaction between sources, as demonstrated experimentally in [21] as referred to above, and we therefore crucially model the evolution of the entire network sharing a single wireless access point as a Markov chain, and not each device separately.
As described, an assumption in most previous work is that each device is saturated, and will always try to gain control of the medium and transmit.
We assume devices are either active or inactive, corresponding to a user having data to transmit or not, and is designed to represent a pattern of user transmission and not technical constraints, such as buffering in the NIC or elsewhere. This is similar to the model for one source developed by Pitts and Shepherd [24] .
We assume that the transmission state of each device is determined by an on-off source. We let the probability of a device which is not transmitting receiving data it may wish to transmit as α, and the probability of a device, which is transmitting data, finishing transmission of the current frame and going to an idle state as β. If we know the time it takes the IEEE 802.11 backoff counter to decrement (our clock tick), we can easily parametrize α and β in terms of this (see section 2.1.1). Setting α = 1 in our model such that the device is never idle, it becomes very similar to that of Bianchi. Note we do not claim that the on-off transmission model is a good representation of standard traffic flow, however it allows us readily to demonstrate the importance of parameter settings for the IEEE 802.11 DCF in a more typical example where networks may be unsaturated.
We also, as per explicit or implicit assumptions in previous work, assume that networks have no hidden or exposed nodes, the channel behaviour is fixed, and each node can detect traffic from all other nodes in the network.
These idealised assumptions allow us to assess the behaviour of the DCF.
Optimizing CW min and CW max
For simplicity in practical implementation we restrict the CW parameters to powers of 2. We define the maximum number of backoffs determined by our parameters to be m = log 2 CW max CW min ., and the parameters φ = (CW min , m).
We assume we have n devices 1, . . . , n in our network. We let device i takes values between -1 (idle) and CW max . We define the whole state space to be Y. We represent the state of the network at time t by the vector of devices Y (t). Let a(t) be the number of devices that are transmitting at time t, which is equal to the number of zeroes in B(t); if the number of devices is greater than two, let a(t) = 2. We represent the transition probabilities as
where by splitting up the transition probabilities into these three possibilities, the transition of each device from one state to the next can now be found as
We form a transition matrix M of these transition probabilities. Note that a single element of M represents a transition between a vector describing the state of all devices in the network at a given time, and a vector describing the network state in the next time period.
We are interested in the long run proportion of time that the network spends in each state, which we represent by a stationary distribution π. We write the stationary distribution as π(n, θ, φ) when we wish to emphasize the dependence of π on the number of devices, n, and the traffic pattern, which we model with our parameters θ = (α, β).
Determining on-off parameters α and β
Recall that α is the probability that a device that is idle will seek to transmit at the beginning of any time slot, and that β is the probability that a transmitting device will become idle. We can therefore represent the desired throughput, which is the percentage of time that a device would seek to transmit in isolation, as α α+β
. If the bandwidth of the network is B, we denote the average bandwidth desired by device i as b i , We therefore write
where in this section we assume each device is homogeneous. In any time slot, the device will come to the end of the current frame and stop transmitting with probability β. The number of slots used in any transmission will therefore be geometrically distributed with mean 1 β .
As described clearly in Bianchi [4] , each transmission of a frame is followed by a Short Inter-frame Space (SIFS), an acknowledgement from the receiving device (ACK), and then a Distributed Inter-frame Space (DIFS). We find the mean time t i that a device engages the medium whilst transmitting as
So, given the decrement interval of the backoff counter S, our clock tick, we can write
and solve the simultaneous equations (1), (2) 
Optimality criteria
The system is successfully able to transmit when one (and only one) device is in state 0 (i.e. a(t) = 1). The success of a DCF is generally measured by a function of the throughput of each device, i.e. the proportion of time that a device is able to transmit for, which we call u(i). Within a given DCF, it would be possible to engineer situations in which one device always has access to the medium, and other devices have no access.
We seek to maximize some function of the throughput of each device,
This is the alpha-fair criterion described first by Kunniyur and Srikant [18] .
There are two criteria which we use to demonstrate our approach:
1. The total throughput for the system, corresponding to κ = 0:
π(n, θ, φ).
2. The minimum throughput for any device in the system, corresponding to κ → ∞:
Thus we wish to find
where φ * represents the optimal design for that criterion.
Optimization procedure
There are two methods we consider for finding the optimal value of φ (i.e.
optimal values of CW min and CW max ). The first method provides an analytic solution, but the state space Y is very large and the solution becomes intractable for a large number of devices and parameters, and for practical values of CW min and CW max . As described in Section 1 above, previous work has focused on approximating the Markov chain by concentrating on the evolution of one device, in order to approximate the stationary distribution; although an analytic solution can be found for the simpler model, it does not guarantee accuracy for a larger number of devices if the model approximation is inaccurate. We therefore proceed with the second method for a model which we believe is more correct as it more closely mimics the true behaviour in a network.
Strengths of the model
Our on-off traffic model is flexible; it allows for saturated and unsaturated networks. Almost all study has been of theoretical performance of saturated networks, whereas in reality wireless networks are often unsaturated. Setting α = 1 however allows us to recover the Bianchi model. Moreover, we can generalize our model to heterogeneous behaviour of users, something not readily available in the Bianchi model.
The model of network evolution attempts to find a model which is parsimonious; we believe the model allows for a rapid simulation to find throughput (or other fairness criterion, such as minimum throughput) whilst preserving important features of the DCF (collisions). The Markov nature of the model leads to a rapid (Monte Carlo) simulation, with the result that optimal value for DCF parameters can be found. We do not claim that the results are more accurate or precise than a full simulation or experiment with real devices, however they allow us to quickly assess the performance of the system over the parameter space, which may allow practitioners to focus on which hardware experiments to run. In short, our model provides a balance between a complex experiment and a simpler model which may not describe the system performance well.
Homogeneous traffic results
We use an IEEE 802.11g network as our example, but the general principle will apply to any network which uses the CSMA-CA protocol. We assume we have a network which has a maximum bandwidth B = 54M bps, a slot time S = 9µs, SIFS = 10µs, ACK = 2µs and DIFS = 28µs. Let us assume our mean packet size, including header and FCS, is 1000 bytes. Then from equation (2), we calculate the mean time that a device engages the transmission medium as t i = 1000×8 54×10 6 + 10 × 10 −6 + 2 × 10 −6 + 24 × 10 −6 = 188 × 10 −6 ≈ 2 × 10 −4 s.
We initially assume devices seek to transmit at 1.5Mbps, or 10% of the total available bandwidth, such that b i = 0.1 for all i. Using t i = 2 × 10 −4 as derived above, we solve equations (1) and (3) to get α = 0.005 and β = 0.045.
We used the second optimization procedure described in section 2.2, and performed an exhaustive search over the parameter space φ = {(CW min , m)}, where log 2 (CW min ) ∈ {1, 2, . . . , 10}, and m ∈ {1, 2 . . . , 10}, such that there were 100 candidate points for φ.
Assessing convergence
When simulating, we must determine how many iterations of the chain we need. We want our estimate,ψ of the throughput to be sufficiently close to the true value ψ to enable us to determine the optimum value of the unknown parameters φ; i.e. when is |ψ − ψ| < ǫ for some tolerance ǫ, Some techniques for assessing whether a Monte Carlo algorithm simulating a Markov chain has converged are presented in [6] . [11] suggests dividing our simulation into blocks each consisting of 100 iterations, and forming an estimate for ψ T and ψ m after each block; we consider only the last 100 blocks seen, and call the estimates found after the k-th block (after 100k
m . In order to test whether the chain has converged, we compare the two sub-sequencesψ (1) , . . . ,ψ (10) andψ ( More heuristically, as we perform more iterations the throughput vs parameters mesh plots seen in Figures 1 to 4 below get smoother. We can visually assess when the graphs are smooth enough to find useful results.
In practice we find a moderate number of iterations (≈ 10 7 ) are sufficient to make a good estimate of π, and find parameters which increase throughput substantially as compared to the recommended values given in the standard.
Numerical results
For each candidate point φ, we performed 5 × 10 7 Monte Carlo iterations, and present a mesh plot of throughput
We present the results for selected numbers of devices as • A very high numbers of allowed backoffs generally reduces the through- put considerably; this is because it is possible for one device which has data to transmit to have a large value of backoff counter, and be required to wait a long time even when the medium is available.
• A smaller number of backoffs seems in general to be optimal for maximizing throughput. In other words, apart from pathological cases, the ratio CW max /CW min is important in optimising throughput, and the absolute value of CW min is less important. Typically setting the maximum number of backoffs CW max /CW min = 2 is near optimal.
• Small values of both CW min and CW max give slightly worse results as more conflicts occur.
The recommended values for CW min and CW max in the IEEE 802.11 standard [16] , which vary depending on the transition medium (PHY) used.Most mediums suggest setting CW min at either 15 or 31, and agree on CW max = 1023. This corresponds to φ = (4, 6) or φ = (5, 5) in our parametrization.
If these values of φ were optimal, we would expect the highest values of throughput to be found here, however our results suggest that the optimum is not found at these levels.
For example, in Figure 1 of 79.3%. This corresponds to a net increase in throughput of 7.73%. Table 1 shows the increase in throughput by choosing parameters for between two and ten devices. The benefit of choosing parameters for a larger number of devices is more pronounced, as there is less unused bandwidth and resolving conflicts well becomes more important.
Minimum throughput
We now consider maximizing the minimum throughput ψ m of each transmitting device, and repeat the same procedure for the same candidate points for φ to find our optimal value of CW min and CW max .
We again plot the throughput ψ m (n, (0.005, 0.045) T , φ) for each potential value in our parameter space, although in this figure we plot the minimum throughput. These are displayed as Figure 2 , again for selected n. The graphs are slightly less smooth after 5 × 10 7 iterations compared to those for the raw throughput. This is because the variance of the minimum function (corresponding to κ → ∞) is higher than that of the mean function (κ = 0), so we need more Monte Carlo iterations to get the same smoothness.
Nevertheless, the graph clearly demonstrates that the recommended standard values corresponding to φ = (4, 6) or φ = (5, 5) in our parametrization are sub-optimal, and suggests that values around φ = (2, 2) would generally yield greater minimum throughput. Table 2 shows the increase in the minimum throughput for any device by choosing parameters, for up to ten devices. Again we see that the minimum throughput can be increased more by choosing backoff parameters for a larger number of devices; for example the increase for choosing parameters with two devices is 1.55%, but with 10 devices is 8.62%.
Heterogeneous users
Up to now we have assumed that the behaviour of the users is homogeneous,
i.e. that the traffic that each user has to transmit is governed by the same on-off probabilities θ. In reality, this assumption is not true; different users have different transmission patterns.
Consider a "household" model of IEEE 802.11, a typical small scale implementation where a small collection of users in a household engage in different activities using a wireless network; the standard assumption of homogeneous users is not appropriate, and we investigate in this section how the backoff parameters affect the throughput of the household.
We now extend our model such that the on state and off state of each user in the model is modelled by a vector θ = (α, β), where now α i , is the probability of going from an idle state to a state where device i has a frame to transmit, and β i is the probability of going from a state where device i is transmitting to an idle state.
We maintain our example of an IEEE 802.11g network as above, with the same parameters, and we consider a scenario where we have three types of users. User 1 is making long file transfers, and we let α 1 = 0.0025 and β 1 = 0.0225. User 2 is engaged in a VoIP conversation, with many short exchanges of packets, so α 2 = 0.01 and β 2 = 0.09. We let any other users experience an intermediate transfer length with α i = 0.005 and β i = 0.05, i ≥ 3 as before.
We plot our throughput graph again for the heterogeneous devices as Figure 3 . We see a similar pattern as to that in the homogeneous case.
We display the optimal values for different number of devices as Table 3 .
Comparing to Table 1 , we see that the increased percentage throughput in choosing the backoff parameters is similar in this heterogeneous case.
For heterogeneous devices, our minimum throughput criterion is no longer particularly useful, as the minimum throughput will almost always correspond to the device which has the least traffic to transmit. We can therefore replace our minimum throughput criterion ψ m by
a scaled minimum throughput criterion, where the throughput of each device is divided by
, the proportion of time it would seek to transmit were it to be able to act independently in the network without any other devices being present. The result is that the absolute value of the scaled minimum throughput becomes difficult to interpret, but the criterion is fair in that high values of the criterion occur when each device is able to transmit proportionately to its desired traffic flow. The scaled minimum throughput criterion for this example is shown in Figure 4 .
The increase in this scaled minimum throughput for the heterogeneous devices is shown in Table 4 . Again, we see that choice of backoff parameters has a larger effect in the heterogeneous environment for this criterion than in the homogeneous case, an effect ignored in previous research. 
Conclusions
In this paper we have shown how to build a Markov chain model to represent the evolution of a system using the CSMA-CA protocol, using the IEEE 802.11 standard as an example. We have extended models in previous research to model the evolution of the whole network as a Markov chain. This has advantages as the chain now models interactions between devices; as the standard specifies a slot time during which a transmitting device will not be interrupted, and the system can be thought of as evolving in slotted time, the model is a fairly faithful representation of the standard.
We have shown that a Monte Carlo approach allows us to find the stationary distribution of the model, and hence estimate the throughput for any given model of a network. The variance of this estimate can be made arbitrarily small given a large enough number of iterations, and we have shown that the convergence is good even for a relatively small number of iterations.
We have extended previous research to include non-saturated scenarios, and heterogeneous traffic mixes, all within the same Markov chain model. This modelling has allowed us to assess the parameters CW min and CW max which determine backoffs within CSMA-CA. For the networks we have studied here, we show that the values recommended by the IEEE 802.11 standard are not optimal for throughput, or min-throughput, two commonly used optimality criteria, and we find optimal values. Having found optimal parameter settings the throughput is improved, especially in any non-homogeneous case. This is particularly important as almost all previous analyses have focussed on homogeneous cases whereas reality is always nonhomogeneous.
